ABSTRACT: The synthesis of aluminum complexes with redox-active formazanate ligands is described. Salt metathesis using AlCl 3 was shown to form a five-coordinate complex with two formazanate ligands, whereas organometallic aluminum starting materials yield tetrahedral mono-(formazanate) aluminum compounds. The aluminum diphenyl derivative was successfully converted to the iodide complex (formazanate)AlI 2 , and a comparison of spectroscopic/structural data for these new complexes is provided. Characterization by cyclic voltammetry is supplemented by chemical reduction to demonstrate that ligand-based redox reactions are accessible in these compounds. The possibility to obtain a formazanate aluminum(I) carbenoid species by two-electron reduction was examined by experimental and computational studies, which highlight the potential impact of the nitrogen-rich formazanate ligand on the electronic structure of compounds with this ligand.
■ INTRODUCTION
Aluminum is one of the most abundant elements in the earth's crust and is used in a large variety of applications: the metal itself is ductile, lightweight, and corrosion resistant, and it can form various alloys to improve its mechanical properties. Molecular compounds containing aluminum are also widespread: aluminum halides are strong Lewis acid catalysts for Friedel−Crafts reactions, and organometallic derivatives are used in Ziegler−Natta polymerization of olefins. 1 The vast majority of aluminum compounds that are known today contain aluminum in the most stable +3 oxidation state. However, complexes of aluminum (and other group 13 elements) in lower oxidation states have recently attracted significant attention for their unusual (transition-metal-like) reactivity 2, 3 and novel bonding motifs (e.g., clusters, 4 multiply bonded compounds). 5 Compounds of aluminum with the well-known β-diketiminate ligands have been prepared by alkane elimination (from trialkyl aluminums) or by salt metathesis reactions (using aluminum halides, Scheme 1A). Given the ease of preparation of these ligands and their tunable steric and electronic properties, complexes of this type have been studied in a variety of transformations. For example, β-diketiminate aluminum dialkyls react with strong Lewis acids to form three-coordinate cationic derivatives, 6 which show reversible cycloaddition of ethylene, 7, 8 and these and related cationic aluminum species with anionic bidentate N-ligands have been applied in catalytic reactions that make use of their high Lewis acidity. 9, 10 Neutral β-diketiminate aluminum complexes with various coligands (e.g., halides, 11 alkyls, 12−14 amides, 14 hydroxides) 15−19 have also been prepared, and their reactivity in ring-opening polymerization of cyclic esters was investigated. 13, 20, 21 The majority of these studies employ β-diketiminate ligands with sterically demanding N−Ar substituents (e.g., Ar = 2,6-i Pr 2 C 6 H 3 ) that shield the Al center, but recently derivatives with less bulky groups were described. 22−24 An unusual low-valent aluminum(I) compound with sterically demanding β-diketiminate ligand was prepared by Roesky and co-workers via potassium reduction of the diiodide complex (Scheme 1A). 25 In contrast to the rich chemistry reported for aluminum complexes with β-diketiminate ligands, comparatively little is known about the related ligands with two additional nitrogen atoms in the ligand backbone (NNCNN, i.e., formazanates). Sundermeyer and co-workers have reported the synthesis and characterization of a series of group 13 formazanate dialkyl complexes, 26 and Gilroy et al. described six-coordinate Al complexes with formazanate-based trianionic N 2 O 2 ligands 27 (Scheme 1B). After Hicks' initial observation of facile ligandbased reductions in a main group compound with a redoxactive formazanate ligand, 28 our group 29−34 as well as the Gilroy group 27,35−42 have in the last years developed formazanate chemistry with the lightest group 13 element boron. During our studies of the reduction chemistry, we found that 2-electron reduction of a formazanate boron difluoride compound generates a series of BN-heterocycles that originate from a putative (formazanate)B carbenoid intermediate. 32 In recent years, several examples of isolable main group compounds in reduced states have been discovered, and the activation of unreactive bonds by these compounds (e.g., via oxidative addition) is being developed. 3, 43, 44 Given our interest in using redox-active ligands to manipulate electronic structure and stabilize compounds in unusual oxidation states, we set out to explore the synthesis of aluminum complexes with formazanate ligands. In this paper, we provide spectroscopic and crystallographic characterization data for mono-and bis-formazanate aluminum complexes and their electrochemistry. The reduction chemistry of these compounds is described, and the experimental data are supported by a computational (DFT) study.
■ RESULT AND DISCUSSION
Synthesis of Formazanate Aluminum Complexes. Salt metathesis reactions 11, 12 were initially evaluated as a route to obtain mono(formazanate) aluminum dihalide complexes, which could subsequently serve as synthons for low-valent Al compounds. Thus, a suspension of AlCl 3 in THF-d 8 was treated in an NMR tube with 1 equiv of the potassium formazanate salt K[PhNNC-(p-tol)NNPh]·2THF (LK), 45 resulting in a rapid color change from purple to dark red. The 1 H NMR spectrum of this solution showed diagnostic resonances for the p-tolyl and phenyl moieties in a 1:2 ratio that were shifted from the starting material, indicating the formation of a new formazanate aluminum complex. On preparative scale, 1 could be obtained as crystalline material in moderate yield (36%) by diffusion of hexane into a THF solution of the product (Scheme 2). A single-crystal X-ray structure determination showed that instead of the desired mono(formazanate)aluminum complex the product is bis-(formazanate) complex [PhNNC(p-tol)NNPh] 2 AlCl (1) (Figure 1 , pertinent bond lengths and angles are presented in Table 1 ) in which the Al center is bound to two bidentate formazanate ligands. The coordination sphere is complemented by a chloride ligand, resulting in a five-coordinate Al(III) complex. The geometry around the Al center is best described as a distorted trigonal bipyramid (τ = 0.6353), 46 with a bond angle between the "axial" Al−N bonds (N1−Al1− N8) of 165.22(1)°.
The Al center is significantly displaced out of the planes defined by formazanate NNNN backbones (displacement from N1−N4/N5-N8 planes is 1.068/1.058 Å, respectively). The molecular structure of 1 reveals that the Al−N1 and Al−N8 bond vectors lie along the axial directions and the Al−Cl1, Al− N4, and Al−N5 bonds form the equatorial plane in 1 ( Figure  1 ). The axial Al−N bonds are elongated as compared to equatorial Al−N bonds by about 0.081 Å, similar to related pentacoordinated Al(III) compounds in the literature, 47, 48 and both are significantly longer than the Al−N bonds in fourcoordinate β-diketiminate aluminum dichlorides. 11 The Al−Cl bond length in 1 (2.143(1) Å) is somewhat shorter than that in Berben's pentacoordinated aluminum chloride complex with two bidentate nitrogen ligands (2.191 (1) Å). 47 The room-temperature 1 H NMR spectrum of 1 reveals only one set of signals for the NPh groups. The equivalence of the axial and equatorial positions is likely due to facile exchange via Berry pseudorotation. 49 The
27
Al NMR of 1 shows a resonance at 43.0 ppm, which is in agreement with the presence of a pentacoordinated Al center in 1.
50−53
The cyclic voltammogram of compound 1 was measured in THF solution (Figure 2 ), which revealed two quasi-reversible 1-electron redox-events at −1. independent, sequential 1-electron reduction processes for each ligand in compound 1. Scanning toward more negative potentials resulted in several additional redox events below −1.9, which were not analyzed in detail (see Figure S1 ). Given that straightforward salt metathesis reactions failed to give mono(formazanate) aluminum dihalides, we subsequently chose a two-step protocol based on the method of Roesky and co-workers for the synthesis of β-diketiminate aluminum diiodides. 25 Thus, the free formazan (LH) was treated with AlEt 3 in a 1:1 molar ratio in an NMR tube in C 6 D 6 (Scheme 3). As reported by Sundermeyer and co-workers for the aluminum methyl analogue, 26 this results in rapid formation of an intense blue solution for which the integrated intensities in The NMR data indicate that the product is the diethyl aluminum compound LAlEt 2 (2a). Compound 2a is quite sensitive and is quickly hydrolyzed upon exposure to air. The high solubility of 2a in common organic solvents rendered its purification by crystallization difficult. Treatment of in situ generated 2a with 2 equiv of I 2 results in Et/I exchange as evidenced by the formation of EtI. However, the NMR spectrum indicates that only one AlEt group is replaced: One AlEt signal remains (AlCH 2 at 0.66 ppm), and the product is formulated as LAl(Et)I (3a). Longer reaction times as well as addition of more I 2 (additional 2 equiv) did not lead to further conversion by iodine exchange, indicating that it may be thermodynamically unfavorable to proceed beyond the monoethyl compound LAl(Et)I. Gently warming the NMR solution for 6 h to 40°C did not indicate any further change, whereas decomposition was observed after 2 h at 70°C. Testing AlMe 3 as the starting material suggested formation of the mono(formazanate) aluminum dimethyl complex 26 but also for this compound iodine exchange only gave monoiodo product 3b (Scheme 3).
Diphenyl derivative 4 (prepared from LH and AlPh 3 ) could be obtained in crystalline form in 80% yield. The subsequent iodine exchange reaction was attempted by the reaction of 2 equiv of I 2 with 4 in an NMR tube in C 6 D 6 . In contrast to the dialkyl derivatives mentioned above, 4 cleanly converted to the desired aluminum diiodide [(PhNNC(p-tol)NNPh)AlI 2 ] (5) as evidenced by the formation of 2 equiv of PhI and complete disappearance of the diagnostic resonances for the AlPh 2 moieties. On a preparative scale, 5 could be isolated as a crystalline material in good yield (70%) by slow diffusion of hexane into the reaction mixture in toluene (Scheme 4).
Although the 27 Al NMR resonance of 4 could not be observed, diiodide analogue 5 shows a broad resonance at 69.50 ppm, consistent with a four-coordinated Al(III) center. 12, 54, 55 In the 1 H and 13 C NMR spectra, the presence of only one set of resonances for the N−Ph substituents of the ligand in 4 and 5 indicate that both molecules have (average) C 2v symmetry in solution.
Single-crystal structure determinations for compounds 4 and 5 revealed the details of their molecular structures. A bidentate formazanate ligand is bound through its terminal N atoms forming a six-membered chelate ring, and the coordination sphere is complemented by two phenyl or iodide ligands, respectively ( Figure 3 ). The overall geometries of 4 and 5 are distorted tetrahedral around the Al centers, which are displaced out of the plane composed by 4 N atoms from the ligand backbone by 0.531 and 0.419 Å, respectively. The smaller displacement for 5 is in accordance with less steric hindrance between the formazanate ligand and the Al substituents (I in 5 vs Ph in 4). A similar trend for the displacement of the Al center from the ligand plane was observed in related mono(β-diketiminate) aluminum complexes. 11, 12 The equivalent N−N and N−C bond distances support the presence of a delocalized ligand backbone in 4 and 5 (for selected bond lengths and bond angles, see Table 2 ).
Similar bond distances were found in the corresponding tetraand hexa-coordinated formazanate aluminum compounds reported by Sundermeyer et al. 26 and Gilroy et al., •− and the dianion 4 2− . In comparison to the boron analogue, these redox-potentials are shifted toward positive potential by 130 and 230 mV, respectively. 34 In contrast to the data for the diphenyl complex 4, the voltammogram of the aluminum iodide 5 measured in 
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Article either THF or DME solution is poorly reversible and shows reduction events that are shifted to more negative potentials (see the Supporting Information). The changes in electrochemistry upon changing the Al-substituents from Ph to I may reflect the lability of the Al−I bond upon reduction. The UV/vis absorption spectra were recorded for compounds 1, 4, and 5 in toluene solution to obtain more insight into the electronic properties for these compounds. All three compounds show intense absorption maxima in the visible range of the spectrum, with extinction coefficients that range between 13 000 and 16 800 L·mol , which are assigned to π−π* transitions within the formazanate ligand backbone ( Figure 5) . 26, 27 Bis(formazanate) complex 1 shows a broad absorption band at 478 nm with a shoulder toward lower energy. The absorption maximum for 1 is hypsochromically shifted by ca. 10 nm with respect to that of the free formazan 26 This stands in marked contrast to the bathochromic shift that is typically observed in formazanate complexes, a feature that has been ascribed to the anionic nature of the ligand and its increased rigidity upon complexation. 27 A reason for this discrepancy likely lies in the way the metal center is incorporated in the sixmembered chelate structure: Other mono(formazanate) aluminum complexes have more planar AlN 4 C rings, providing an extended conjugated π-system that includes the N−Ar groups. In contrast, the presence of two formazanate ligands in 1 enforces a strong "butterfly" distortion of the chelate ring in which the Al center is >1 Å displaced from the coordination plane, and disrupts conjugation with the N−Ph groups.
Mono(formazanate) compounds 4 and 5 have very similar spectra with a broad absorption maximum at ca. 583 nm ( Figure 5 ). In comparison to the low-energy π−π* transition in the formazanate aluminum dimethyl compound reported by Sundermeyer (λ max = 559 nm in hexane), 26 compounds 4 and 5 are red-shifted by ca. 25 nm. Comparing diphenyl complex 4 with its boron analogue (λ max = 505 nm) 34 shows that the lowenergy band is red-shifted even further. Both observations are consistent with an increase in ionic character for the bonding in 4/5, due to either the presence of more electronwithdrawing groups on Al (Ph/I vs Me) or a difference in electronegativity of the central element (Al vs B).
Reduction Chemistry. Reduction reactions of 1, 4, and 5 have been explored. Addition of excess Cp 2 Co into a THF solution of 1 results in a color change from dark red to green, a color that is associated with formazanate-centered reductions in boron complexes with this ligand and consistent with formation of the radical anion [(PhNNC(p-tol)NNPh) 2 AlCl] − (1
•− , Scheme 5). [28] [29] [30] 34 The crude product was washed with hexane and analyzed by EPR spectroscopy. The EPR spectrum of 1
•− in fluid THF solution shows a nine-line signal centered at g ∼ 2 with a hyperfine coupling constant of 6.35 G ( Figure  S6 ). The observed hyperfine coupling pattern indicates that the unpaired electron interacts with 4 (equivalent) 14 N nuclei (I = 1), which suggests that it is localized on one of the ligands instead of being delocalized over both formazanates.
The UV/vis spectrum shows two absorptions in the visible range, one at high energy (λ max = 426 nm) and one at low energy (λ max = 677 nm) ( Figure S7 ). Despite the fact that we were unable to obtain analytically pure, crystalline material of 1
•− , the EPR and UV/vis spectroscopic features are in agreement with a ligand-based reduction of 1 to form the aluminum-analogue of a verdazyl radical. 56, 57 A ligand-centered reduction is further supported by the computational (gas phase DFT) study. The elongation in N−N bonds in 1 −• calc compared to 1 and 1 calc (see Table S2 ) is consistent with the ligand-based reduction as the additional electron populates the ligand N−N π*-orbital. 34 The spin density plot of 1
−• calc
indicates the excess spin density is delocalized over both ligands (see Figure S14 ), a feature that is inconsistent with the EPR spectroscopy (vide supra). This discrepancy is likely due to the fact that the DFT calculations were performed on the isolated anion 1 −• calc in the gas phase. In condensed phase in the presence of counterions, the unpaired electron is likely more localized due to electrostatic interactions: a similar effect is observed in related bis(formazanate) zinc radical anions. 2− (4 2− ) was obtained in crystalline form (42%) as the disodium salt by diffusion of hexane into a DME solution (Scheme 6). Single-crystal structure determination of 4 2− reveals that the structure is overall similar to that of the boron analogue reported previously. 34 It shows a distorted tetrahedral geometry around the Al center, which is displaced out of the plane comprised of N1, N2, C7, and N3 atoms from the ligand backbone (i.e., N1N2C7N3-plane) by 0.260 Å (Figure 6 ). Ligand-based two-electron reduction leads to elongation of the N−N bonds in the ligand backbone to 1.432(2) Å, indicative of a single bond character. 34 The 500 MHz 1 H NMR spectrum for 4 2− shows the expected number of resonances for a C 2v -symmetric complex, but the resonances are somewhat broad at room temperature. Variable-temperature measurements indicate this to be due to dynamic processes, the details of which will be described elsewhere. The UV/vis spectrum of 4 2− shows an absorption band at 486 nm ( Figure S7 ), which is blue-shifted by 97 nm compared to its precursor 4 (λ max = 583 nm), as expected for a complex with this electron-rich (trianionic) form of the ligand. 34 Having established two-electron reduction chemistry for diphenyl complex 4, we turned our attention to diiodide 5. In this case, reduction would likely be accompanied by loss of halide, similar to what was found before for a formazanate boron difluoride compound. 32 Roesky and co-workers reported that reduction of a (β-diketiminate) aluminum diiodide with 2 equiv of K afforded an unusual low-valent aluminum(I) carbenoid, 25 and its reactivity has been explored in detail in recent years. 58 We were interested to explore whether the (formazanate)Al(I) analogue would be accessible. Treatment of a toluene solution of 5 with 2 equiv of potassium graphite (KC 8 ) at room temperature resulted in an initial color change from blue to green, which is indicative of the ligandcentered reduction of 5 to verdazyl-type radical 5 −• .
28−30,34
The green color faded within 30 min and ultimately a pale blue solution is obtained. Analysis of the crude product by spectroscopy showed that it was NMR silent, but showed a nine-line signal (g ∼ 2) in the solution EPR spectrum. All attempts at crystallization of the product(s) were unsuccessful. To probe the nature of the product(s), oxidation of the mixture by addition of I 2 was carried out to probe whether the starting material could be recovered, but this proved not to be the case. Although the product(s) of two-electron reduction of 5 remain to be identified, we carried out DFT calculations on (formazanate)Al(I) carbenoid (6) and compare its electronic structure to Roesky's β-diketiminate analogue. The computational study reveals that the aluminum carbenoid 6 has a singlet ground state with a singlet−triplet energy gap of 11.5 kcal/mol at the B3LYP/6-311G(d,p) level of theory (Table 3 ).
In case of Roesky's (β-diketiminate)Al(I) complex, it was found that complexes of this type have a singlet−triplet energy gap of ca. 30−35 kcal/mol, 59,60 depending on the ligand substitution pattern. In agreement with the literature, we calculate Roesky's (β-diketiminate)Al complex (with N−Ph substituents; A in Table 3 ) to have a singlet−triplet separation of 30.7 kcal/mol at the B3LYP/6-311G(d,p) level of theory, with the singlet state lowest in energy. Analysis of the frontier orbitals for the β-diketiminate and formazanate compounds shows that in both cases the HOMO is an Al-based lone pair, whereas the LUMO and LUMO+1 are found to be localized on the ligand (π*) and the Al center (p-orbital), respectively (Table 3) . Although the appearance of the frontier orbitals is similar between the two, the orbital energies are overall lower for the formazanate compound. Of these three frontier orbitals, the formazanate-based π*-orbital is the most stabilized (1.21 eV lower in energy in 6 than in A), whereas the Al-orbitals are shifted in energy by only 0.48−0.63 eV; this accounts for the much lower singlet−triplet separation in 6 than in A. From the literature on carbenes (or analogues) of group 13/14 elements, it is apparent that the singlet−triplet energy separation (ΔE S−T ) is correlated to reactivity and stability. 43,44,60−63 Thus, although the nitrogen-rich backbone of the formazanate ligand allows tuning of the singlet−triplet gap, the small value obtained for ΔE S−T in this case likely results in a system that is too reactive to be isolable.
■ CONCLUSIONS
In conclusion, a series of aluminum(III) complexes with redoxactive formazanate ligands has been synthesized and characterized. The five-coordinated bis-formazanate aluminum chloride complex 1 was obtained by the salt metathesis reaction, whereas four-coordinated monoformazanate aluminum diiodide complex 5 was prepared by following a two-step synthetic protocol starting from the free ligands, via corresponding aluminum diphenyl compound 4. The characterization data for 1, 4, and 5, both in the solid state as well as in solution, provide insights into their electronic and structural properties. In addition, the (electro)chemical reduction of 1, 4, and 5 further disclose ligand-centered redox-reactions in these complexes. The possibility to afford (formazanate)Al(I) carbenoid 6 by the two-electron reduction of diiodide complex 5 was investigated by experimental and computational (DFT) studies. The computational data show that in comparison to Roesky's (β-diketiminate)Al(I) complex, the LUMO of the nitrogen-rich formazanate ligand (NNCNN) is significantly stabilized, which results in a computed singlet−triplet energy separation of only 11.5 kcal/mol. The synthesis and characterization data for aluminum complexes with one or two redoxactive formazanate ligands reported in this paper provides an entry to studying the reactivity of compounds that combine the electrophilic properties of Al with ligand-based redox activity.
■ EXPERIMENTAL SECTION
General Considerations. All manipulations were carried out under a nitrogen or an argon atmosphere using standard glovebox, Schlenk, and vacuum-line techniques. Toluene and hexane (Aldrich, anhydrous, 99.8%) were passed over columns of Al 2 O 3 (Fluka), BASF R3-11-supported Cu oxygen scavenger, and molecular sieves (Aldrich, 4 Å). THF (Aldrich, anhydrous, 99.8%) was dried by percolation over columns of Al 2 O 3 (Fluka). THF, DME, and hexane were additionally dried on sodium/potassium alloy and subsequently vacuum-transferred and stored under nitrogen. All solvents were degassed prior to use and stored under nitrogen. C 6 D 6 (Aldrich) and d 8 -THF (SigmaAldrich) were vacuum-transferred from sodium/potassium alloy and stored under nitrogen. The ligand PhNNC(p-tolyl)NNPh (LH) 28 was synthesized according to a published procedure. NMR spectra were recorded on Varian Mercury 400 or Inova 500 spectrometers. The 1 H and 13 C NMR spectra were referenced internally using the residual solvent resonances and reported in ppm relative to TMS (0 ppm); J is reported in Hz. Assignments of NMR resonances was aided by COSY, NOESY, HSQC and HMBC experiments using standard pulse sequences. Elemental analyses were performed at the Kolbe Microanalytical Laboratory (Mulheim an der Ruhr, Germany). UV− vis spectra were recorded in toluene, DCE, and THF solution (∼10 −3 M) in a quartz cuvette that was sealed under N 2 atmosphere using an AVANTES AvaSpec-2048 spectrometer. Cyclic voltammetry (CV) was performed using a three-electrode configuration comprising a Pt wire counter electrode, a Ag wire pseudoreference electrode and a Pt disk working electrode (CHI102, CH Instruments, diameter = 2 mm). The Pt working electrode was polished before each experiment using an alumina slurry (0.05 μm) and rinsed (thrice) with distilled water and acetone. The electrodes were then dried in an oven at 75°C for at least 1 h to remove any residual traces of water. The CV data were referenced by measuring the redox potential of ferrocene, which was added into the solution at the end of the experiment. In all cases, there is no indication that addition of ferrocene influences the electrochemical behavior. All electrochemical measurements were performed at ambient temperatures in a nitrogen glovebox with the compounds dissolved in THF or DME containing 0.1 M [ 6 ] as the supporting electrolyte. The electrochemical data were measured using an Autolab PGSTAT 100 computer-controlled potentiostat with Autolab NOVA software (v. 2.1.3) .
Synthesis of [(PhNNC(p-tol)NNPh) 2 AlCl] (1). The potassium formazanate salt K[PhNNC-(p-tol)NNPh]·2THF (LK) (1.000 g, 2.013 mmol) was dissolved in 30 mL of THF into a double Schlenk flask fitted with a filter. Subsequently, 0.5 equiv of anhydrous AlCl 3 (0.134 g, 1.007 mmol) was added to this solution. The reaction mixture was stirred for 1 h at room temperature during which the color changed from pink to light red. After that, all volatiles were removed under reduced pressure. 1 H NMR analysis of the crude product indicates full conversion of the starting materials. The crude product was dissolved again in toluene (30 mL) and filtered to the second tube of the double Schlenk flask. The residue was extracted three times with toluene (30 mL) and the combined filtrate was concentrated in vacuo to ca. 20 mL. Hexane was layered on top of the toluene solution, and after diffusion of the two layers, a solid product precipitated. The supernatant was removed and the residue washed with hexane (3 × 10 mL) and then dried under vacuum. This gave 250 mg of 1 as dark red crystals (0.360 mmol, 36%). Crystalline material of 1 was also obtained by slow diffusion of hexane into a THF solution of 1. 
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Article and 2 equiv of Na(Hg) were added. The reaction mixture was stirred for 12 h, during which it changed its color from dark purple to green and finally orange. Then, the orange solution was filtered through a syringe filter, and the solvent was evaporated under reduced pressure. After that, the crude product was dissolved in 5 mL of DME, and the solution was layered with 5 mL of hexane. Slow diffusion of the two layers at −30°C precipitated orange crystals, which were washed with pentane (3 × 3 mL) and dried to give compound 4 2− as a highly airsensitive solid (155 mg, 0.170 mmol, 42%). X-ray Crystallography. Suitable crystals of compounds 1, 4, and 5 were mounted on top of a cryoloop and transferred into the cold (100 K) nitrogen stream of a Bruker D8 Venture diffractometer. Data collection and reduction was done using the Bruker software suite APEX2. 64 Data collection was carried out at 100 K using either Mo radiation (0.71073 Å) (for 1, 4, and 5) or Cu radiation (1.54178 Å) (for 4 2− ). The final unit cell was obtained from the xyz centroids of 9942 (1), 9860 (4), 9890 (4 2− ), and 9248 (5) reflections after integration. A multiscan absorption correction was applied, based on the intensities of symmetry-related reflections measured at different angular settings (SADABS). 64 The structures were solved by intrinsic phasing methods using SHELXT. 65 The hydrogen atoms were generated by geometrical considerations, constrained to idealized geometries, and allowed to ride on their carrier atoms with an isotropic displacement parameter related to the equivalent displacement parameter of their carrier atoms. Crystal data and details on data collection and refinement are presented in Table 4 . 66 using density functional theory (DFT) in the gas phase using the B3LYP functional with 6-311G(d,p) (1, 6, A) or 6-311+G(d,p) (1 −• calc ) basis set. Geometry optimizations were performed without symmetry constraints, either starting from the Xray coordinates (1) or from structures generated in GaussView 5.0.9. 67 In all cases, the p-tolyl group was replaced by Ph for computational efficiency. The geometries of 6 and A (both with N-Ph substitutents) were optimized on the triplet and singlet surface; broken-symmetry (open-shell singlet) calculations converged on a closed-shell solution. GaussView 5.0.9 67 was used to visualize the computed structures and molecular orbitals.
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